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Muscledamageis not a function of muscle force but active muscle strain. J. Appl. Physiol. 74(Z): 520-526, 1993.-Contractile properties of rabbit tibialis anterior muscles were measured after eccentric contraction to investigate the mechanism of muscle injury. In the first experiment, two groups of muscles were strained 25% of the muscle fiber length at identical rates. However, because the timing of the imposed length change relative to muscle activation was different, the groups experienced dramatically different muscle forces. Because muscle maximum tetanic tension and other contractile parameters measured after 30 min of cyclic activity with either strain timing pattern were identical (P > 0.4), we concluded that muscle damage was equivalent despite very different imposed forces. This result was supported by a second experiment in which the same protocol was performed at one-half the strain (12.5% muscle fiber length). Again, there was no difference in maximum tetanic tension after cyclic 12.5% strain with either strain timing. Data from both experiments were analyzed by two-way analysis of variance, which revealed a highly significant effect of strain magnitude (P < 0.001) but no significant effect of stretch timing (P > 0.7). We interpret these data to signify that it is not high force per se that causes muscle damage after eccentric contraction but the magnitude of the active strain (i.e., strain during active lengthening).
This conclusion was supported by morphometric analysis showing equivalent area fractions of damaged muscle fibers that were observed throughout the muscle cross section. The active strain hypothesis is described in terms of the interaction between the myofibrillar cytoskeleton, the sarcomere, and the sarcolemma. eccentric contraction; muscle injury; stress; cytoskeleton; integrins; intermediate filaments; desmin IT IS DELL KNOWN that eccentric contractions (EC) result in high forces and are a normal part of the gait cycle, especially in the extensor muscles (8, 11) . Despite their common occurrence, the underlying basis for the behavior of muscle during EC is not as well understood as muscle behavior during concentric (shortening) contractions. For example, Harry et al. (10) recently performed frog sartorius muscle EC at high velocities and concluded that the shape of the lengthening portion of the force-velocity curve could not be explained on the basis of simple modification of the cross-bridge theory proposed by Huxley (14) . The experimental data of Harry et al. were accompanied by an intriguing explanation of muscle lengthening behavior based not on cross-bridge properties but on interaction between sarcomeres along the fiber length (21). These two reports outlined the difficulty in understanding EC of skeletal muscle. Chronic studies have also demonstrated that EC is selectively associated with muscle injury and muscle soreness in humans and in various animal models (see Ref. 4 for review). That injury occurs after EC is intriguing in light of the observation that EC is very common during normal gait. Because high muscle tension and muscle injury can both be associated with EC, it has been proposed that high muscle force is responsible for the muscle injury observed. However, this proposal has not been explicitly tested. The purpose of this study, therefore, was to determine the effects of force and strain on the tension generated by rabbit tibialis anterior (TA) muscles. These experiments were performed to test the hypothesis that muscle damage is due to high force. A brief account of this work has been presented elsewhere (20) .
METHODS
The muscle chosen for study was the TA of the New Zealand White rabbit. This muscle was chosen primarily because the muscle fibers are oriented with a pennation angle of only 3O (16) and thus demonstrate negligible angular rotation during lengthening.
Pilot experiments with more highly pennated muscles, such as the gastrocnemius, revealed significant shear stresses that were nonlinear and highly dependent on strain magnitude. Contractile properties were measured and experimental treatments were performed essentially as previously described (17) .
Preparation and contractile measurements. Briefly, rabbits were anesthetized with a subcutaneous injection of a ketamine-xylazine-acepromazine cocktail (50,5, and 1 mg/kg body mass, respectively) and mai ntained on halothane anesthesia. Heart and respiratory rate were monitored during muscle isolation and testing (model 78O7C, Hewlett-Packard, Palo Alto, CA), and anesthesia level was adjusted as needed. All experimental procedures were performed in accordance with the guidelines set forth by the National Institutes of Health "Guide for the Care and Use of Animals."
Great care was taken to minimize system compliance, ensuring that the imposed deformation was taken up by the muscle itself and not the apparatus or the external tendon. Cambridge, MA) and aligned with the motor's measuring and translation axis. System compliance, including the than the normal 60-to SO-ms delay usually observed between muscle activation and lengthening (9). However, we increased the delay to produce dramatically different forces in the two experimental groups. Variation of muscle strain. The experi ments described transducer, was 1.3 pm/g.
The peroneal nerve was isolated for direct muscle activation. Muscle temperature was then maintained at 37°C with radiant heat, mineral oil, and a servo-temperature controller (model 73A, Yellow Springs Instruments, Ye1 .low Springs, OH). Under computer control (19), muscle length was adjusted to the length at which twitch tension was maximum (L,) , and contractile properties were determined before experimental treatment .(see below). Contractile properties measured included time to peak twitch tension, the rate of rise of twitch and tetanic tension (dP/dt), twitch half-relaxation time, maximum twitch tension, passive force in response to 12.5 or 25% strain at 63% muscle fiber length (L,) /s or 125% L,ls (see below), and contractile tension at stimulation frequencies of 5, 25, 50, 75, and 100 Hz. Maximum tetanic tension (P,) was defined as the tension measured while stimulated at 100 Hz, the peak of the force-frequency relationship.
Half-fusion frequency was defined as the frequency at which the tension was 50% P,. Measurements of L, were made on each muscle from th .e tibia1 tubercl .e to the most distal muscle fiber insertion. On the basis of previous architectural studies (16), L, was calculated for each muscle as 0.67L,.
above were repeated at one-,half the total strain (12.5% L,) in two separate groups of animals (n = Wgroup). Thus, combining the results of both experiments, high and low strains were imposed at high and low forces to test the effect of force and strain independently (Table 1) .
It was imperative that the two groups have nearly the same metabolic energy requirements so that the experiment tested only mechanical difference s between groups and not differen .ces based on cellular metabolism (2). Therefore, all experimental activation cycles consisted of 400-ms trains of 40-Hz pulses. A separate e xperimental group that only experienced cyclic isometric activation (n = 8) was also studied for comparison.
Treatment was performed on-line while the computer synchronized muscle activation and length change and stored contractile data in real time at specified intervals. In addition to data acquisition and storage, the computer also performed real-time integration of force with respect to time for each contraction according to Experimental treatment. Deformation patterns were imposed on muscles at two strain magnitudes and using two timing patterns relative to muscle activation (Table  1 ). The experimental design was that of a two-way analysis of variance (ANOVA), with two levels of strain (12.5 and 25%) and two levels of timing ("early" and "late" stretch). rt=400 ms
MI (gas) = I P( t)dt
Variation of muscle force using different stimulation timing. To test the hypothesis that muscle damage is directly related to fiber force, we imposed cyclic linear length changes of identical magnitude and velocity on the TA muscle. Cyclic length changes were completed in 400 ms and repeated, along with muscle activation, every 2 s for 30 min for a total of 900 stretches. The only difference between groups (n = ll/group) was the timing of the stretch. In the ES group (early stretch), the muscle was stretched coincident with the onset of muscle activation (Fig. 1) . The magnitude of the stretch was 25% of the TA L, (determined individually for each muscle), and the strain rate was 125% LJs. Both the magnitude and rate of stretch were within the physiological range based on cat kinematic data, which demonstrate TA strains of 10 and 50% during the E, phase of the gait cycle that are complete within 0.1 and 0.3 s during walking and galloping, respectively (cf. Fig. 12 After the treatment period (30 min), animals were maintained under anesthesia for 1 h to permit the early inflammatory response. Then contractile properties were again measured. Animals were killed, and the TA was excised and submitted for light-microscopic investigation.
Light microscopy. The TA was frozen in isopentane cooled by liquid nitrogen (-159°C) and stored at -8OOC for histochemical processing. Muscle cross sections (8 ,urn thick) taken from the TA midbelly were stained with hematoxylin and eosin to observe overall fiber appearance, location of nuclei, and appearance of connective tissue. Enzyme assays were performed on selected muscles to demonstrate oxidative enzyme activity (succinate dehydrogenase) (ZZ), glycolytic activity (a-glycerophosphate dehydrogenase) (ZZ), and myofibrillar adenosinetriphosphatase activity (1). Muscle fibers were classified as fast oxidative glycolytic, fast glycolytic, or slow oxidative, according to the classification scheme of Peter et al. (23) . The relative area (area fraction) of damaged fibers (see below) was determined by the stereometric pointcounting technique of Weibel (26). Sampling protocol consisted of fiber damage measurements from 2 tissue blocks/muscle, 3 sections/block, and 5-10 fields/section.
Statistical analysis. For each muscle, pre-and postexercise contractile parameters were obtained. Only postexercise morphological parameters were obtained from these specimens, although contralateral muscles (untested and untreated) were used as controls. For each muscle, the difference between the pre and post value of a parameter was expressed as a percentage change in that parameter. First, it was determined whether the percent change was significantly different from zero using a one-sample t test, i.e., whether treatment significantly changed the parameter. For the overall experiment, a two-way ANOVA was used with strain (12.5 vs. 25%) and stretch timing (early vs. late) as the grouping factors. Assumptions of the ANOVA and t tests (normality and equality of variances between groups) were explicitly tested using the diagnostic software in SuperAnova (Abacus Concepts, Berkeley, CA) by plotting group means vs. variance and by visual inspection of the AN-OVA residuals. To quantify the relative effects of strain and timing, data were submitted to a stepwise regression model where the dependent variable was PO after treatment and the independent variables were strain and peak force achieved during treatment. Data are means t SE. Significance level was chosen as cy = 0.05. Power analysis revealed that the statistical power (1 -p) for these experiments exceeded 80% for all parameters except area fraction of damaged fibers (see RESULTS).
RESULTS
Contractile properties after high vs. low force. Two-way ANOVA with repeated measures revealed no significant difference between experimental groups for any contractile properties measured before and after treatment for either the 25% strain group (P > 0.4; Table 2) or the 12.5% strain group (P > 0.6; Table 3 ). The 25 and 12.5% experiments yielded qualitatively similar results in terms of the tension time course during treatment. Results for the 25% strain group revealed that the initial peak force of the LS group was 40% greater than that of the ES group and remained significantly higher throughout the treatment period (Fig. ZA) . Interestingly, the mechanical impulse (i.e., the integrated force-time record) experienced by the two groups was also significantly different (P < 0.01) but in a way that was not expected. Whereas peak force was always greater in the LS group, the initial mechanical impulse of the ES group was 520 go s, whereas that of the LS group was only 460 g l s (Fig. ZB) . The relative difference between groups also changed significantly over time (Fig. 3) . Peak force in the LS group was significantly greater than in the ES group, but the magnitude of this difference decreased rapidly during the first few minutes (Fig. 3A) . Thereafter, the ratio between the groups slowly increased for the next 15 min. The mechanical impulse of the ES group was greater than that of the LS group, and the magnitude of this difference increased as a function of time (Fig. 3B) . This appeared to be due to the rapidly decreasing peak force in the LS group. Again, most of the change occurred in the first few minutes of treatment, rapidly rising to 1.5 within 3 min and increasing in a relatively linear fashion to 4.0 over the remaining 27 min. This was because the LS group impulse decreased more rapidly during the first few minutes than did the ES group (Fig. 2B) .
Thus the peak and integrated tensions experienced by the two experimental groups were different, yet their contractile properties after 30 min of such treatment were identical. As an example, P, and tetanic tension dPldt after cyclic 25% strain decreased by the same amount in both groups, suggesting an identical decrease in performance and speed, independent of treatment tension (Fig. 4) .
Contractile properties after high vs. low strain. On the basis of the observation that varied force did not cause a change in contractile properties, we tested the effect of altered strain on contractile properties. Ideally, we would have applied several different strains to the muscle at identical forces. However, to accomplish this, the strain rates required were well out of the physiological range (200-400%/s). We thus tested the effect of strain per se by performing the identical experiments described above but at 12.5% L, strain. The results were qualitatively similar to the 25% strain experiments; there were no significant differences between strain timing groups for all contractile parameters measured (P > 0.6; Fig. 5 ). In addition, maximum tetanic tension from all EC groups was significantly lower (P < 0.05) than that measured after treatment with only isometric contractions (Fig. 5) .
Differential effects of force and strain. Two-way AN-OVA of all experimental data grouped by strain (12.5 vs. 25%) and timing (early vs. late stretch) revealed no significant effect of timing (P > 0.7), a significant effect of strain (P < O.OOl), and no significant strain X timing interaction (P > 0.9) on P, measured after EC treatment. To determine the dependence of posttreatment P, on strain and force, a multiple regression model was developed that demonstrated that strain accounted for ~50% of the experimental variability in P, measured after EC treatment, whereas peak tension achieved during treatment accounted for only an additional 8% of the variability. This analysis reinforces the idea that strain rather than force is more important in determining the magnitude of the tension decrease after EC.
Muscle morphology after eccentric exercise. To investigate the structural basis for the contractile properties measured after 25% strain, multiple serial sections were obtained from the midbelly of the treated muscles. On the basis of previous studies that documented significantly enlarged, pale staining, and rounded fibers of the fast glycolytic fiber type that were selectively associated with muscle injury (6,17), we examined the area fraction of these enlarged fibers.
Comparisons between the ES and LS groups of the first experiment revealed no significant difference in the area fraction of damaged fibers (P > 0.6). Unfortunately, there was a great deal of variability in the morphometric data. Whereas for the contractile parameters, coefficients of variation ranged from 10 to 35%, morphometric values for area fraction had a coefficient of variation of -80%. This of course made it extremely difficult to detect significant differences between groups. Power analysis revealed that to have an 80% chance of detecting a 3% difference between groups in area fraction of damaged fibers (given the actual variability of the data), a sample size of ~60 would be required. Statistical power for the given data set was thus only 40%.
DISCUSSION
The purpose of this study was to investigate mechanical factors contributing to muscle damage after EC. Previous investigators have suggested that the high forces associated with EC may be responsible for the damage observed. Although this is certainly an attractive hypothesis, the current experiments do not support this idea.
Our data demonstrate that large differences in force and mechanical impulse during EC did not result in muscle damage differences, as evidenced by identical contractile and morphological parameters. However, large strain differences did result in contractile and morphological differences. If one accepts the first experiment as showing that muscle damage is not a function of force during EC, then the conclusion from the second experiment is that muscle damage is a strong function of the muscle fiber strain that occurs during lengthening of an activated muscle (i.e., active strain). There is conceptual support for this idea in the literature based on known sarcomere structure.
The myofibrillar array is embedded in a complex extrasarcomeric cytoskeletal framework (24). The cytoskeleta1 matrix is joined to the muscle cell basal lamina and sarcolemma via adhesive connections made by talin, vinculin, and a-actinin, among other proteins, and the integrin superfamily of adhesion receptors (25) . It is likely that active strain that exceeds the limits of these connections may result in cytoskeletal damage. We previously documented the longitudinal extensions that interrupt the normal desmin periodic pattern in muscles subjected to EC. We also recently described subtle changes in fiber integrity accompanying EC-induced injury (7). It is plausible that cytoskeletal damage may be the first structure to yield after EC, as has been previously suggested (5). This could then result in the myofibrillar disruption at the level of the A band and Z disk, which has been demonstrated in the literature (5, 15, 17) . The mechanism for the damage would thus initially be cytoskeletal disruption followed by myofibrillar derangement. This could, in principle, be similar to the myofibrillar disruption reported by Horowits and Podolsky (l3), who selectively irradiated the intermyofilamentous protein titin (which, by itself, did not result in myofibrillar alterations) and, on contraction, observed significant misalignment of the A band and "smearing" of the Z disk. The similarity between their micrographs and those reported by other investigators after EC (e.g., see Refs. 5, 15) is intriguing. simply that low-amplitude joint excursions will result in low-strain muscle movements. This is because, for a given joint rotation, length change varies considerably among muscles. For example, the rabbit TA and extensor digitorum longus (EDL) have approximately the same moment arm at the ankle joint. However, because TA fibers are nearly twice as long as EDL fibers (16), EDL fiber length changes twice as much as TA fiber length for a given amount of joint rotation. Further studies of muscle-joint interaction are required before isolated muscle strain measurements can be extrapolated to joint angle rotations in the intact individual.
Finally, potential difficulties in interpretation of the present data should be detailed. First, it is extremely difficult to define the strain that is experienced by the various experimental groups at the sarcomere level. This is because the deformation patterns are imposed on muscle-tendon units that are operating at different forces. Thus, in the case of the ES group where force and stiffness are lower, one might expect that the more compliant muscle might be strained to a greater extent than the LS group where force and stiffness are higher. However, this effect is opposed by the fact that the tendon is also more compliant in the ES group and thus tends to absorb more of the deformation. Pilot experiments in which load-deformation curves were generated for rabbit TA tendons (as in Ref. 18 ) revealed large tendon stiffness differences for the two conditions. For example, at low forces similar to the ES group, tendon stiffness was 300-400 MPa, whereas at high forces similar to the LS group, stiffness was l-2 GPa. It is therefore plausible that the two competing effects (increased muscle stiffness at high force tending to decrease muscle strain in the LS group vs. increased tendon stiffness at high force tending to increase muscle strain in the LS group) might converge to make muscle strain in the two groups nearly identical. Real-time sarcomere length measurements with laser diffraction might specifically answer this question. Finally, because EC-induced injury is more commonly associated with the antigravity muscles (e.g., quadriceps and plantarflexors) than the pretibial flexor studied here, it may be inappropriate to generalize the current findings to all skeletal muscles. Future studies on the ankle extensors will specifically address this issue.
In summary, skeletal muscle injury after cyclic EC with the use of various deformation paradigms suggests that muscle damage is not simply a function of peak muscle force but rather is due to the magnitude of the strain experienced by the muscle during contraction. Further studies are underway to characterize the specific cellular structures affected by the EC-induced damage.
